Objectives: Whole-tooth regeneration for tooth loss has long been a goal of dentistry. There is also an increasing demand to carry out pre-clinical in vitro and in vivo research methods in large animal model similar to human. The miniature pig has proven to be an alternative as a large mammal model owing to its many similarities to human. However, whole-tooth regeneration in large animal remains a challenge.
| INTRODUC TI ON
The ultimate goal of whole-tooth regeneration for tooth loss is to provide living, functional and biocompatible tissue that is more in line with the human desire for a third dentition that represents an attractive alternative to classical prosthesis-based therapies.
1,2 Currently, de novo odontogenesis in humans has been challenging, with many obstacles, although some regenerative attempts have been made using cells from human donors. [3] [4] [5] [6] [7] The epithelial and mesenchymal interaction-based whole-tooth regenerative approaches in rodents and canine model, hold great promise as a strategy for developing a functional substitute for lost teeth. [8] [9] [10] [11] [12] [13] Whether de novo odontogenesisis feasible in humans remains elusive. An essential step is required to move this tooth regeneration strategy from rodents to a large animal model before these regenerative properties are introduced into humans.
Pigs serve as a promising large animal model for studying human diseases and contribute to overcome the shortage of human donor organs. [14] [15] [16] [17] The miniature pig has proven to be a valuable animal model for diphyodont development and regeneration owing to its many similarities to human including the morphology, number and size of teeth, particularly its heterodont dentition (incisors, canines, premolars and molars) and diphyodont dentition, which are not available in rodents. 18, 19 The morphology and chronology of diphyodont dentition in miniature pigs have been well characterized by our previous studies and other reports. [20] [21] [22] Moreover, recent breakthrough in porcine genome engineering aiming to overcome immunological challenges and potential risk of porcine endogenous retrovirus (PERV) transmission make safe clinical xenotransplantation possible. 14, 17, 23 However, studying whole-tooth regeneration using miniature pig as a model remains a significant obstacle. The morphogenesis and interaction of single cells from pig tooth germ in vitro culture remain undefined. Some issues also need to be overcome, such as longer process required for growth and replacement of swine teeth with larger size and dynamic tracking. There is an increasing demand to seek alternative approaches to promote pre-clinical study.
As in vitro organ culture only provides short term growth and limited functional cytodifferentiation, transplantation of graft under the renal capsule is used for study of development and differentiation of tissue recombinants owing to its high degree of vascularity, suitability for xenografts and convenient examination of organogenesis. However, whether the subrenal capsule microenvironment can bear long-term growth of pig bioengineered tooth germ remains unknown.
In this study, we traced the morphogenesis, interactions or selfsorting of cells from pig tooth germs. The pig bioengineered tooth bud achieved long-term survival and growth, and developed a tooth through transplantation in mouse subrenal capsules and jawbones.
Our pilot study for whole-tooth regeneration in large animal has the potential to be clinically applied and will further promote the use of pig as a diphyodont model similar to humans.
| MATERIAL S AND ME THODS

| Animals
Ten pregnant miniature pigs were obtained from the Institute of Animal Science of the Chinese Agriculture University (Beijing, China). The miniature pig embryos (85) were obtained as reported previously. 20 Briefly, the pregnant miniature pigs were verified by B-type ultrasonic inspection, and the staged miniature pig embryos were obtained by caesarean section.
The adult host immunocompromised (SCID) mice (5 week old)
were obtained from the Institute of Laboratory Animal Science, Chinese Academy of Medical Sciences, and maintained in a specific pathogen-free animal facility with free access to water and food.
All experimental animal procedures were reviewed and ap- 
| Isolation of tooth germs from miniature pigs
The forth deciduous molar germs (p4) in mandibles from the same litter of staged miniature pig embryos (embryonic day [E] E40 or E70) were isolated and pooled under stereo microscopy with an attached Olympus DP72 digital camera system (Olympus Corporation, Tokyo, Japan). The morphological stages of the p4 at E40 or E70 corresponded to the cap stage and secretory stage, respectively, and were verified by serial histological sections as previously described. 
| Transplantation of reconstituted explants into SCID mice
The bioengineered tooth germs cultured in vitro for 3 days were transplanted into subrenal capsules or maxillary diastema of adult SCID mice. For subrenal capsule transplantion, a small incision was made with scissors in the skin and body wall over the kidney after SCID mice was anaesthetized. Then the kidney was popped out of the hole in the body wall, an incision was made to create a pocket between the capsule and the underlying renal parenchyma. The bioengineered tooth germ was placed into the pocket. The incision was sutured after return of the kidneys to the peritoneal cavity. For jawbone transplantation, an incision of 2 mm in length was made through the oral mucosa of maxillary diastema and a 0.5-1.0 mm bony hole was made in alveolar bone surface. The bioengineered tooth germs were then transplanted into the bony hole. The incision was next sutured. The host mice were killed after 8 or 16 weeks, and perfusion fixed with 4% neutral paraformaldehyde.
| Radiographic analysis and three-dimensional reconstruction
The specimens were examined with cone beam computed tomography (CBCT, NewTom 3G tomography, Summer, Italy). The data analysis and three-dimensional reconstruction were carried out with Mimics (Materialise, Version 11).
| Histochemical and immunohistochemical analysis
For the histology study, specimens were decalcified, dehydrated, and then embedded in paraffin. Serial sections (5 μm thick) were stained with haematoxylin-eosin (H&E).
For immunohistochemistry of regenerated tooth, briefly, after the samples were fixed with 4% PFA, decalcified, dehydrated and embedded in paraffin, they were cut into 10-μm thick sections.
Serial sections were permeabilized in 0.4% Triton X-100 and blocked in PBS containing 5% BSA. Sections were incubated with primary antibodies overnight at 4°C, then washed and incubated for 1 h at 37°C
with the respective secondary antibodies followed by haematoxylin or DAPI nuclear stain. Slices were analysed using a microscope (BX43 Olympus) with an attached Olympus DP72 digital camera system.
| RE SULTS
| Isolation of tooth germs from miniature pigs
According to our previous research, 20 bone; am, ameloblast; b, bone; d, dentin; dp, dental pulp; e, enamel; od, odontoblast; rt, renal tissue. Scale bars: gross view, 1 mm; histology, 100 μm stage at E70 ( Figure S1A-C) . The morphogenetic stages were verified by serial histological sections.
| Reconstructed single-tooth germ cells from cap stage in vitro culture
To 
| Reconstructed single-tooth germ cells from secretory stage in vitro culture
We also tested the de novo odontogenesis of cells from tooth germ 
| Growth and survival of bioengineered tooth germs in subrenal capsules of SCID mice
To investigate the regeneration potential of the constructed tooth germs described above, the bioengineered explants were transplanted into a SCID mouse subrenal capsule after culturing for The re-associated explants with epithelial and mesenchymal cell compartmentalization (E70 Ep-Me) developed into tooth-like structures (red dotted line) after transplantation for 16 wk in the subrenal capsule, viewed by X-rays and H&E staining. b, bone; d, dentin; dp, dental pulp. Scale bars: gross view, 1 mm; histology, 100 μm germ at cap stage without compartmentalization in our experiment were able to form tooth-like tissues with correctly arranged tooth components, but without normal tooth appearance at 8 weeks after transplantation ( Figure 4D ). While, re-aggregation of mesenchymal cells alone from cells of tooth germ at cap stage (Me cells) only formed bone tissue at 8 weeks after transplantation ( Figure 4E ).
Then, we tested the regeneration potential of bioengineered explants from cells of tooth germ at secretory stage. The most of reassociated explants from cells of tooth germ at E70 with epithelial and mesenchymal cell compartmentalization also restored the de novo odontogenesis in subrenal capsule at 8 weeks after implantation (4/5, Figure 5A ) and formed tooth-like tissues at 16 weeks after implantation (3/5, Figure 5B ).
| Growth of re-associated explants in jawbone of SCID mouse
A prior study has verified that a bioengineered tooth germ can develop into a fully functioning tooth in mouse jawbone. 11 Next, (AMBN, green) , the odontoblast-specific marker dentin sialophosphoprotein (DSPP, green) and DAPI (blue), showing the regenerated tooth-like structure. c, cementum; d, dentin; dp, dental pulp; Od, odontoblast. Scale bars: 100 μm we investigated whether mouse jawbone is also suitable for growing a re-associated bioengineered tooth germ from miniature pig.
We transplanted the re-associated explants from single-tooth germ cells at cap stage from miniature pigs into the maxillary diastema in 5 SCID mice ( Figure 6A ). At 8 weeks post-transplantation, we found a large bulge in maxillary diastema in 4 mice, which was illustrated with cone beam computed tomography (CBCT) ( Figure 6B,C) . Histological analysis (haematoxylin/eosin) revealed regenerated tooth tissue with normally arranged structure and tissue elements, including odontoblasts, dentin, dentinal tubules, dental pulp, root analogue, cementum, blood vessels and alveolar bone ( Figure 6D ,E).
| D ISCUSS I ON
The restoration of lost teeth through whole-tooth regeneration in humans is the ultimate goal. 3, 11, 12, [25] [26] [27] [28] [29] The successes of de novo odontogenesis in mice provide an attractive alternative to the future manipulation of cell-based whole-tooth regeneration in humans for the recovery of tooth function. 10, 11, 30, 31 Despite some significant advances, the cell-based recombination approach to clinical wholetooth regeneration remains a challenge, including larger tooth size, longer developmental time and so on. 32 It is essential for pre-clinical study in large animal model similar to human for tooth regeneration.
Compared with mice, Pigs (Sus scrofa) serve as a promising large animal model for studying human diseases and pre-clinical therapies owing to its comparability with humans in many respects.
17,33
Previous studies have proven that miniature pigs can serve as an attractive alternative to rodents for understanding tooth development and replacement. 18, 20, 21, 34 Studying tooth regeneration in miniature pigs can contribute to understanding processes of human tooth development that are applicable to regenerative medicine.
The miniature pig's deciduous molars are similar to humans'; both are larger and require a longer developmental period than those of mice. Our previous results showed that approximately 3 months were required to grow p4 from the cap stage at E40 to eruption with nearly completed roots at postnatal day 20 (P20). 20 It is critical to develop an environment using alternative method where can contribute to long-term observation for large size tooth growth.
Currently, ectopic tooth regeneration is predominant. The omentum, anterior eye chamber, subcutaneous tissues, jawbone and kidney capsule of rodents have traditionally been used for the long-term culture of tooth germ grafts. [35] [36] [37] The subrenal capsule graft is suitable for tissue recombinants which permits dynamic examination of development from morphogenesis to functional differentiation and overcomes the inaccessible restrictions in pig embryos. Our results suggested that the subrenal capsules of mice are sufficient to sustain the growth and survival of bioengineered tooth germs.
Previous study has suggested that a fully functioning tooth can be achieved by transplantation of a bioengineered tooth germ into the alveolar bone in an adult mouse. 11 Our results also indicate that the orthotopic transplantation of bioengineered tooth bud from large animals into the jawbone in SCID mouse is also feasible.
However, we did not obtain functioning tooth at 16 weeks posttransplantation in jawbone, due to the large size and long growth stage of regenerated tissue which increase the potential for damage in the mice.
Previous study in mice suggested that the odontogenesis potential of single cells from tooth germ after cap stage reduced and develops into teeth at a lower frequency. 12 Our results suggested that cells from pig late-stage tooth germ seemed to still retain better odontogenesis potential than it in mouse, more work needs to be done for studying the differences in cell properties from both animal tooth germs. In 3D cell culture, the pellet from mixed epithelial and mesenchymal cells can form highly ordered structure by selective aggregation of cells (homing) or by rearrangement of the relative positions of cells within the structure (self-sorting), suggesting the self-sorting and homing ability of two cell types. [38] [39] [40] We used deciduous tooth germ cells from the miniature pig for ectopic and orthotopic whole-tooth regeneration, suggesting the feasibility of whole-tooth regeneration in a large animal model. Our pilot study to manipulate swine tooth germ cells in vitro and in vivo offer an alternative model and a reference for whole-tooth regeneration with large size and long growth stage in large animals.
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